We report the synthesis and characterization of six novel coordination polymers (CPs) based on M(II) (M: Zn and Co), di-, tri-and tetracarboxylate linkers and two novel bispyridylalcohol 1,7-bis{(piridin-n'-yl)methanol}-1,7-dicarba-closo-dodecaboranes (n' = 3, L1; n' = 4, L2) ligands. The polycarboxylates are terephthalic acid (H 2 BDC), 1,3,5-benzenetricarboxylic acid (H 3 BTB) and 1,2,4,5-tetrakis(4-carboxyphenyl)benzene (H 4 TCPB). Structural description of CPs reveals the flexibility of the carborane ligands and their ability to construct extended structures.
Introduction
Porous Coordination Polymers (CPs) or Metal-Organic Frameworks (MOFs) are a class of porous crystalline materials formed by the assembly of metal ions or metal clusters with different types of bridging organic linkers. [1] [2] [3] [4] Multiple network structures with various topologies can be prepared by the appropriate choice of metal ion geometry and the binding mode of the bridging ligand. The primary choice of the organic part has been polycarboxylates, polypyridines, and organic ligands that possess both carboxylate groups and N donor atoms. Thus, the chemistry of CPs has been dominated by these ligands. Sometimes, the above-mentioned ligands are simultaneously used to generate mixed-ligand three-dimensional (3D) CPs. 5 The majority of these CPs are formed by connecting metal-polycarboxylate layers through pyridyl-based ligands. This approach allows higher flexibility in terms of pore size and introduction of functional groups. In this regard, MOFs can be easily tuned and amenable to a wide variety of guest compounds, through host-guest interactions. [6] [7] [8] Preferential arrangement of guest molecules within CPs has enabled the structural determination of molecules that did not crystallized otherwise. The latter method, known as the crystalline sponge method, 6 rely on specific host-guest interactions that renders the guest molecules regularly ordered. 7 Such host-guest interactions are being explored for a variety of applications. 9 In light of the imminence of these materials applications, mechanical properties, which are critical to the industrial manufacturing and processing, need to be taken into account. 10, 11 The icosahedral closo-carboranes (dicarba-closo-dodecaboranes; (C 2 B 10 H 12 )) are an interesting class of exceptionally stable boron-rich clusters that can be prepared on the kilogram scale, and that can be modified at different vertices via chemical reactions. [12] [13] [14] [15] [16] [17] Three isomeric forms are known: ortho, meta and para, which are differentiated by the position of the carbons in the cluster (Scheme 1). The average size of the carboranes (141-148 Å 3 ) is comparable to that of adamantane (136 Å 3 ) and is significantly larger (40%) than the phenyl ring rotation envelope (102 Å 3 ). The spherical feature of these molecules, with slightly polarized hydrogen atoms, and the presence of the hydride-like hydrogens at the B-H vertexes make the carboranes very hydrophobic.
In addition to that, the high thermal and chemical stability, acceptor character and 3D nature of the icosahedral carborane clusters make them valuable ligands in coordination chemistry. [18] [19] [20] [21] [22] [23] For example, Mirkin and co-workers explored the use of di-, tri-and tetra-carboxylic acid derivatives of para-carborane (I to IV in Scheme 1) for CP synthesis, providing a series of CPs exhibiting unprecedented stabilities with respect to thermal degradation, inherited from the carborane moiety. [24] [25] [26] [27] [28] [29] [30] Some of the CPs including these polycarboxylato p-carborane-based linkers showed gas uptake properties and excellent selectivity for CO 2 /CH 4 mixtures. Jin and co-workers also constructed CPs based on the dicarboxylic acid derivatives of para-but also of meta-carborane linker (V in Scheme 1), and studied their adsorption and luminescence properties. 31, 32 More recently, dicarboxylic and tricarboxylic derivatives of the smaller carborane closo-1,10-C 2 B 8 H 10 were also incorporated into porous CPs. 26, 33 Scheme 1. Graphical representation of the carborane isomers (closo-C 2 B 10 H 12 ) and their derivatives used as linkers to form CPs.
The hydrophobic properties of carboranes, exploited in a number of medicinal applications, can potentially enhance the hydrolytic stability of CPs. In fact, we have recently communicated the first example that uses a non-carboxylic derivative of ortho-carborane (VI in Scheme 1) as a linker to form a Zn(II)-based CP. 34 In this CP, the o-carborane based ligand VI acted as a bridging linker to connect Zn(II)-1,4-benzenedicarboxylate layers, giving a porous hydrophobic and water stable 3D framework. 34 In our continuing exploration of the synthetic and structural chemistry of these carborane-based molecules, we have now synthesized two new disubstituted mcarboranylpyridylalcohols (L1 and L2 in Scheme 2). It is readily envisaged that these carborane based N-donor ditopic ligands are able to display various ligating topologies depending on the relative orientation of the pyridyl rings with respect to the carboranyldiol spacer. Consequently, the resulting CP architectures should be dependent on the ligand conformation and nitrogen position in the aromatic ring. The ligand flexibility is expected to be higher in the case of the m-carborane derivatives as the substituted carbons are farther away than in the o-carborane ones (VI in Scheme 1). We are particularly interested in the effect that the flexibility of these N-donor ditopic ligands may have on the crystal structures and networks but also in the potential use of these disubstituted carboranes as linkers in CPs. Herein, we report the synthesis of two novel carboranylalcohol 1,7-bis{(piridin-n'-yl)methanol}-1,7-dicarba-closo-dodecaboranes (n' = 3, L1; n' = 4, L2) ligands, and their reaction with different di-, tri-and tetratopic carboxylic acids and metal salts to form six new extended CPs (Scheme 2). We present the syntheses, crystal structures, thermal properties and water stability of the new CPs. In addition, we show the crystal sponge behavior and guest dependent mechanical properties of one of these CPs. Crystallography. Measured crystals were prepared under inert conditions immersed in perfluoropolyether or paratone as protecting oil for manipulation. Suitable crystals were mounted on MiTeGen Micromounts TM , and these samples were used for data collection. Crystallographic data for 1 and 3 were collected at 100K at XALOC beamline at ALBA synchrotron 35 ( = 0.79000 Å for 1 and  = 0.82653 Å for 3). Data for 3 were indexed, integrated and scaled using the XDS and IMOSFLM programs, and absorption corrections were not applied. For 1, data were processed with CrysAlisPro programs and corrected for absorption using the SCALE3 ABSPACK algorithm implemented in CrysAlisPro. Crystallographic data for 4, 5 and 6 were collected with a Bruker D8
Venture diffractometer, processed with APEX2 36 program and corrected for absorption using SADABS. 37 The structures were solved by direct methods and subsequently refined by correction of Attempts to obtain suitable single crystals of 2 were unsuccessful. However, it was possible to obtain the unit cell parameters from its powder pattern by comparison with that for 1, assuming that both compounds crystallize in the monoclinic C2/c space group and due to the similarity between the powder data for both compounds. Le Bail refinement was carried out with the software Topas Table 1 , and the selected bond distances and angles for L2 ( Figure S1 ), 1 and 3-6 are listed in Table   S2 . ºC. Gas sorption measurements showed that all these CPs are non-porous to gases.
Crystal Structures. Suitable crystals for SCXRD were obtained for 1 and 3-6. 2 was identified by indexing the as-synthesized XRPD patterns resulting in lattice constants similar to that for 1 ( Table   1 ). 1 crystallized in the monoclinic space group C2/c, whereas 3 crystallized in the monoclinic Pn space group. 4-5 crystallized in the triclinic P-1 space group, and 6 in the monoclinic P2 1 /c one.
[Co 3 (BDC) 3 (Figure 1a) . These units, which have also been observed in other related MOFs, 41 are linear trinuclear cobalt cluster in which the central Co(2) atom resides at a crystallographic inversion center and adopts an octahedral geometry {O 6 }-coordinated to six neighboring BDC ligands (Figure 1a ). Both symmetry related terminal Co (1) atoms are {NO 5 }-octahedrally coordinated to one L1 ligand, to four O atoms of three BDC ligands and to one O atom of one DMF molecule. As shown in Figure 1a , BDC ligands adopt two distinct coordination modes: the bridge bidentate µ-κO:κO´ and the bridge bidentate chelate µ-κ 2 O,O´:κO´ modes. 41 In this structure, each trinuclear Co(II) cluster is connected to six BDC units forming layers extended in the bc plane (Figure 1c) . These layers are then linked by the pillaring L1 ligand with a N-N distance of 12.15 Å along the a axis (Figure 1b,d) , giving rise to a compact 3D structure (total solvent-accessible volume accounts for ~ 2.9% of the unit cell volume, as estimated by Platon). 42 The hydroxyl groups of the L1 ligand establish O-H···O hydrogen bonds with the crystallized DMF molecules (H···O, 1.763 Å; OHO, 161.8°). Since 1 and 2 are isomorphous, the unit cell parameters of 2 could be determined by PXRD-indexing of as-synthesized 2, showing a 3.36 Å of enhancement in the a parameter. This increase can be associated with the higher N-N distance in L2, which connects the 2D-layers along the a axis ( Figure 1d , Table 1 ). (Figure 2d ). Overall, this framework exhibits 1D-channels running along the b axis, which are occupied by highly disordered DMF molecules that were masked by Olex2. 43 The total solvent-accessible volume of 3 accounts for approximately 33.3% of the whole crystal volume, as estimated by PLATON. 42 Hydroxyl groups of the carborane moiety are pointing to the interior of the honeycomb pores, and they are likely establishing H-bonds with the squeezed solvent molecules. Figure 3a , the basic building unit of 4 consists of a trinuclear [Co 3 (COO) 6 N 4 ] unit. This unit is similar to that found in 1, except that the terminal DMF molecules are here exchanged by two L2 ligands. Each BTB ligand adopts the bridge bidentate (µ-κO:κO´) and the bridge bidentate chelate (µ-κ 2 O,O´:κO´) coordination modes, connecting a total of six Co(II) centers. In 4, each trinuclear Co(II) unit is coordinated to six different BTB ligands, thus creating six-pointed star fashion layers running along the bc plane (Figure 3b) . Then, these layers are pillared by L2 ligands resulting in a 3D framework that exhibits 1D channels along the b axis ( Figure 3d ). These channels are occupied by highly disordered DMF molecules that were masked by Olex2. 43 The total solvent-accessible volume in the channels account for approximately 35.7% of the whole crystal volume, as estimated by PLATON. 42 Once again, the flexibility of these carborane ligands was evident as the association of layers is carried out by two carborane ligands that adopt an almost L-shape (Figure 3c ). Figure 5a , the building unit of 6 is a dinuclear [Co 2 (COO) 4 N 2 ] cluster, in which both Co(II) centers are {NO 5 }-hexacoordinated.
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Co (1) The flexibility of both L1 and L2 ligands is reflected in the variety of generated structures ( Figures 1-5 and Figure S2 ). Overall, these carborane-based ligands can have two major roles in the CP structures: (i) act as pillars, being involved in the dimensionality of the final CP structure; and (ii) act as decorative ligands in order to complete the coordination sphere of the metal centers. In either case, it is known that introducing hydrophobicity on the internal surface of the structure and/or sterics around the metals can increase the hydrolytic stability of the coordination structure. 46, 47 In our case, the use of the hydrophobic carborane-based L1 and L2 ligands may increase the water stability of the related CPs. To study this water stability, the different CPs were immersed in liquid H 2 O overnight at room temperature. Analysis of the recovered crystalline solids by PXRD revealed that only 3 and 4 retained their structure after this incubation time, as no change in their PXRD patterns were observed (Figures S17). We are currently investigating whether the proximity of the mCB cages to the metals could be responsible for the different hydrolytic stability of 3 and 4.
Guest Encapsulation of 4. Motivated by the relatively large solvent accessible volume of 4 (~36%) and the large size and morphology of the crystals (Figure S10d ), we decided to study whether this CP could act as a crystalline sponge for guest molecules and whether some specific host-guest interactions could be observed. 6, 7 As mentioned above, the as-prepared 4 contains DMF molecules as guest; so, hereafter it will be named as 4  DMF. To study its guest-exchange capabilities, the as-prepared crystals of 4  DMF were immersed in an excess of several selected organic solvents for 24-48 h, and the exchange was monitored by IR-ATR following the changes in the C=O stretching band of DMF. Remarkably, complete post-synthetic exchange of DMF guest molecules was achieved in methanol, chloroform, benzene, toluene, nitrobenzene and 1-nitropropane, but no significant exchange was observed for cyclohexane, hexane and carbon tetrachloride. The different nature of the solvents that replaced the DMF in 4  DMF prompted us to study more in detail the sponge behavior of this particular CP. Structural characterization using SCXRD showed that guest exchange processes resulted in 6 new structures, including 4 MeOH (methanol), 4  CHCl 3
(chloroform), 4  NP (1-nitropropane), 4  NBz (nitrobenzene), 4  Bz (benzene) and 4  Tol (toluene). Crystal and data collection details can be found in Table S1 (ESI). All guest-containing structures 4  Guest were found to crystallize in the same centrosymmetric space group P-1,
showing an expansion (Bz < NP < Tol < NBz), a contraction (MeOH) and almost no change (CHCl 3 ) of the unit cell parameters when compared with the as-prepared 4  DMF. The higher expansion of the unit cell was found in 4  NBz and 4  Tol with a volume increase of 140 Å 3 and 71 Å 3 , respectively. DMF and MeOH molecules in 4  Guest structures were highly disordered, so that the solvent masking procedure implemented in Olex2 43 was used to remove the electronic contribution of solvent molecules from the refinement. CHCl 3 and NP were partially masked, but aromatic solvents (benzene, toluene and nitrobenzene) were clearly located and refined (Table S1 and Figure 6 ). Table 2 . Geometrical parameters of host-guest contacts (Å, º), involved in 4  Guest structures. For C-H··· contacts, geometries are given with respect to the aromatic centroid M.
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Guest D-H···A 54 The latter is an interesting example that is closely related to our findings. It was found that the mechanical properties of [Zn 2 (L 2 )(dabco)] n are primarily dependent on the detailed network geometry and the precise orientation of the molecular building blocks within the porous framework, but not to specific guest-framework interactions. However, in this study, the authors demonstrated that guest molecules influence the framework geometry (e.g. tilt angle and bending of linkers) of this family of CPs and therefore, their mechanical properties. On another study, effects of pore occupancy on elasticity were proved on ZIF-8 single-crystals, where a decrease (~ 7%) in elasticity (E) was observed on desolvation. 53 The series of guest-containing structures 4  Guest in this work represents an ideal platform for studying the mechanical properties of such porous materials. Indeed, as shown in the previous section, the guest molecules affect the volume of the structures (Table 1) but not the symmetry of the framework (neither tilt angle nor bending of linkers was observed). Thus, we hypothesized that any variation on the mechanical properties for the 4  Guest structures should be related to the nature of the guest molecules and/or the specific host-guest interactions.
Single-crystal nanoindentation experiments were performed under conventional quasi-static stiffness using Berkovich pyramidal-shaped diamond tip operating in the load control mode (see ESI for details). Single measurement mode using crystals of 4  Guest (Guest = DMF, CHCl 3 , NPr, NBz, Bz, Tol and MeOH) were carefully selected, and the {100}-oriented facets were oriented normal to the indenter axis. Note here that the anisotropic of the single crystals of 4  Guest enabled indexing their plate face, which was identified as the {100} plane (Figure 6a and S23).
Measurements were done after taking the crystals from the appropriate solvents (within 5 h) and crystallinity of the measured samples were confirmed a posteriori by PXRD and optical microscope.
Solvent loss and amorphization were observed in crystals being in air for over 24 h in all cases, expect for CHCl 3 and MeOH that did after 10 h ( Figure S24 ). Averaged data is listed in Table 4 .
The nanoindentation results on 4  Guest revealed significant variations in the Young's modulus (E) depending on the guest. GPa, except that for the CHCl 3 guest structure that provides a sensibly lower value (0.08 GPa).
As hypothesized above, any variation on the mechanical properties for our 4  Guest structures should be related to the nature of the guest molecules and/or the specific host-guest interactions. The mechanical response of the {100}-oriented facets is mainly dominated by the L2-pillars, which interconnect the 2D {Co-BTB} layers (Figures 3 and 6 ). In all 4  Guest structures, the L2-pillars are at the same angle respect to the {100} crystals facets, so that comparable E and H values should be obtained based on the networks geometries. 54 This suggests that the observed specific host-guest interactions have an impact in the mechanical properties of 4.
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